Many of the changes in cardiac performance that take place during exercise resemble those that result from stimulation of the sympathetic nervous pathways to the heart. It has therefore been thought likely that an increase in sympathetic nervous activity occurs during exercise and is important in the mediation of the associated cardiac response. To test this hypothesis a variety of experimental approaches have been employed. Several investigators have studied the manner in which surgical denervation of the heart in the dog affects its performance during exercise (1) (2) (3) (4) (5) (6) (7) , and others have examined the effects of a variety of antiadrenergic drugs on the response to exercise in man (8) (9) (10) (11) (12) . The results have been conflicting, with some groups ascribing little, if any, importance to the sympathetic system in the over-all performance of the heart (1, 2, 4, 6, 7, 9-11), whereas others believe that the sympathetic nerves do play a major role (3, 5, 8) .
The interpretation of these earlier studies is complicated. In several of the experiments utilizing surgical denervation, section of the sympathetic nerves was not confined to those innervating the heart (1) (2) (3) 5) . In others, the parasympathetic innervation of the heart was also interrupted (4) (5) (6) (7) , and some experiments were performed under general anesthesia (3) . Furthermore, it is quite unknown to what extent conclusions based on studies in the dog can be applied to exercising man. In previous investigations on human subjects in which guanethidine or syrosingopine was administered, the sympathetic blockade involved not only the heart but the venous and arterial beds as well (8, 12) . The recent development of spe-* Submitted for publication March 19, 1965 ; accepted July 8, 1965. t Nuffield medical fellow. 1 Address requests for reprints to Dr. Eugene Braun- wald, Chief, Car'4iology Branch, National Heart Institute, Bethesda, Md. 20014. cific fl-adrenergic blocking agents has made it possible to attack this problem with greater precision, since these drugs block adrenergic effects on the heart, while exerting little if any effect on the response of the peripheral circulation to sympathetic nervous stimulation (13, 14) . Three groups of investigators (9) (10) (11) have examined the effects of fl-blockade on the cardiac output response to exercise in man, but have not observed any consistent or significant changes. Implicit in the results of these investigations is the conclusion that sympathetic stimulation of the heart is not necessary for a normal response to exercise. Before accepting this proposition we felt it necessary to study the effects of fl-adrenergic blockade in a variety of circumstances and under strictly controlled conditions. Accordingly, we have 1) compared the effects of exercise with and without ,8-blockade on the same day in each subject, 2) determined the effects of f8-blockade both at maximal and submaximal levels of exercise, 3) determined the effects of acute blockade during a steady level of exercise by measuring mixed venous 02 saturation with a system permitting continuous in vivo recording, and 4) studied both normal subjects and patients with heart disease.
Methods
Seven healthy male volunteers, ranging in age from 21 to 42 years, and nine patients, ranging from 14 to 48 years, were studied. The diagnoses in the patients are shown in Tables I and II ; four of them were considered to be in functional Class I (as described by the New York Heart Association), four in Class II, and one in Class III.
Exercise was performed on a motor-driven treadmill at varying speeds and grades. Oxygen uptake (Vo,) was recorded by means of a continuous flow system and paramagnetic 02 analyzer, the details of which have previously been described (15) . Two methods were utilized for measurement of the cardiac output. In the dye dilution technique, indocyanine green was used as the indicator and was injected through a PE no. 90 or 100 catheter All studies were performed with subjects in the postabsorptive state. They were trained regularly on the treadmill at various levels of activity for about a week before any of the definitive measurements were made. Beta-adrenergic blockade was produced by the intravenous administration of propranolol,l 0.15 mg per kg. This drug has been shown to be an effective P-adrenergic blocking agent both in experimental animals and in man (18) . In the present study it was shown in eight subjects that the dose used produced a degree of blockade that caused at least a tenfold reduction in the sensitivity to infused isoproterenol. McInerny, Gilmour, and Blinks have shown in vitro that the dose of propranolol required to produce complete ,8-blockade is several orders of magnitude less than that required to produce direct depression of the contractile state of the myocardium (19) .
Exercise endurance. The conditions of exercise that produced total exhaustion after 3 to 6 minutes were determined by repeated trial. This level of exercise was then performed-twice on each of 2 days with a 45-minute rest between each run; the time at which the subject signaled he could no longer continue was recorded and was taken as the "endurance time." The first run of each pair was regarded as the control. On the first experimental day, 5 minutes before the second period of exercise, the subject was given either propranolol, 0.15 mg per kg iv, or an equal volume of saline, without being aware which he was receiving. On the second day he was given whichever preparation he had not received on the previous occasion. The endurance time for the second bout of exer-EFFECTS OF 8-BLOCKADE ON CARDIAC RESPONSE TO EXERCISE cise was expressed as the percentage change from the control run for that day.
Maximal exercise. The conditions of work that would produce total exhaustion in 5O to 6 minutes after 8-adrenergic blockade were determined in each subject, and these conditions were used for the definitive investigation. The study began with a warm-up at a submaximal level of work. The cardiac output was then determined in duplicate by the dye-dilution method with the subject standing at rest. The value presented in the results is the mean of the two determinations; the second of the paired measurements differed from the first by an average of 7.6%. Single determinations of cardiac output were made after 3, 4, and 5 minutes of maximal exercise. Vo2 was recorded continuously during exercise, and mean arterial and central venous pressures were recorded except when cardiac output was being determined. After completion of exercise and a 45-minute rest period, either propranolol (all of the seven subjects) or placebo (four of the seven subjects) was administered, and measurements were repeated at rest and during an identical bout of exercise.
Submaximal exercise. The subjects performed treadmill exercise of mild to moderate intensity, and propranolol was administered intravenously after a steady state had been reached. In the six patients in whom pulmonary arterial 02 saturation was recorded with the fiberoptic oximeter catheter, the attainment of a steady state could be checked directly by observation of o2, mixed venous 02 saturation, and heart rate. When these values had been constant for at least 5 minutes, the drug was given and the recordings were continued until a new steady state had been reached and maintained for several minutes. In the three normal subjects in whom the dye dilution technique was employed, cardiac output was measured during the fifth and seventh minutes after the start of exercise, at which time a steady state had been reached, so far as could be determined from the Vo2, heart rate, and mean arterial pressure. As exercise continued at the same level, propranolol was administered, and after an interval of at least 5 minutes the cardiac output was again determined in duplicate. The values for cardiac output presented in the Results are the averages of the duplicate determinations.
Results
Exercise endurance. In the five normal subjects and four patients who were studied, administration of a placebo did not consistently or significantly alter the endurance time, which was 5o% less on the average after saline than during the control run on the same day. After propranolol, however, there was a consistent fall in the endurance time, which was 40%o less on the average than the control. The differences in the effects of propranolol and placebo on the endurance time were statistically significant (p < 0.01, Figure 1 ).
Maximal exercise. In four of the normal subjects, control studies were performed in which the first exercise period was followed by a second without the administration of propranolol. There were no consistent or significant differences between the circulatory measurements during the two successive periods of exercise (Table IA) .
In the seven normal subjects in whom the action of propranolol was studied, the resting values of cardiac output, mean arterial pressure, and left ventricular minute work were significantly reduced after the drug (Table IB) . When the values during the second period of exercise were compared to those of the first, it was noted that the drug caused significant reductions of heart rate (average, -19%o), cardiac output (-22%o Figure  2 ). In the four patients with heart disease studied at maximal levels of exercise, the effects of propranolol on circulatory dynamics were similar to those noted in the seven normal subjects, both at rest and during exercise. However, the absolute levels of 72 and cardiac output achieved during exercise were usually lower than in the normal subjects (Table IC) .
Submaximal exercise. When propranolol was given to six patients during the course of submaximal exercise, a depression of the circulatory response commenced 1 Figure 3 ). When propranolol was given to three normal subjects during submaximal exertion, cardiac output measured by the dye-dilution method declined in every case (average, -16%o), as did heart rate (-21%), mean arterial pressure (-7%o), and left ventricular minute work (-22%o). Central venous pressure remained constant throughout the control period, but always rose by a small amount after the drug (2 to 3 mm Hg) to reach a new steady level (Table III) .
Discussion
The results of this investigation indicate that the acute induction of /8-adrenergic blockade impairs the circulatory response to exercise. Heart rate, cardiac output, and mean arterial pressure were slightly, although consistently, reduced in normal subjects and in patients with cardiac disorders, and (11) .
The effect of propranolol on 02 uptake during exercise was a function of the intensity of the muscular effort. At submaximal levels of work, V02 was unchanged, the fall in cardiac output after fl-adrenergic blockade being fully compensated for by an increase in the arteriovenous 02 difference. At maximal levels of work, the fall in cardiac output was incompletely compensated for, and the maximal "72 achieved was therefore reduced. The reduction in 02 uptake, and therefore in the 02 delivery to the tissues during maximal exercise, presumably accounts for the striking reductions in the endurance times for maximal exercise that were produced by p-blockade, although other peripheral effects cannot be excluded. In this connection it is of interest that Donald, Milburn, and Shepherd observed that chronic cardiac denervation did not impair the racing speed of greyhounds (6) . However, the duration of the sprints was relatively short (less than 36 seconds), and it seems possible that the running speed that can be achieved during such a brief bout of exercise may not be critically dependent on 02 delivery to the tissues (20) (21) (22) .
The finding that propranolol resulted in a small but significant reduction of cardiac output at rest indicates that sympathetic nervous stimulation of the heart is of some importance in maintaining cardiac output even in the resting state, at least when the subject is upright. The reduction of cardiac output during exercise appears to be due to interference with two fundamental mechanisms. First, the increase in heart rate is less after /3-adrenergic blockade, and second, the normal augmentation of myocardial contractility is almost certainly prevented. Evidence for the latter effect has been obtained from other studies in this laboratory (23) , in which propranolol was shown to abolish the shift of the myocardial force-velocity curve normally induced by exercise in man; changes due to alterations in heart rate were avoided by atrial pacing.
It is of interest that even when the heart is deprived of its normal sympathetic stimulation, the cardiac output is still able to rise substantially during exercise. Thus, although our findings indicate that sympathetic stimulation of the heart contributes to the response to exercise, its importance in increasing the cardiac output appears to be relatively small, at least in normal subjects, or in those with mild impairment of cardiovascular reserve. However, even if nervous control of the heart is not of major importance in increasing the output during exercise, it may be of significance in allowing the heart to make rapid adjustments to changes in demand. Donald and Shepherd have shown that in dogs subjected to cardiac denervation both the heart rate and cardiac output increase more slowly than normal as exercise is begun, even though the final cardiac output achieved does not appear to be significantly reduced (7) Table I .
that the contractile activity of the sympathetically denervated heart is augmented by an increase in end-diastolic filling pressure and fiber length, i.e., through the operation of the Frank-Starling mechanism. This mechanism may indeed be operative, since in all six normal subjects in whom central venous pressure was measured during exercise (Tables IB and III) , an increase of 2 to 3 mm Hg occurred after 8-adrenergic blockade. Finally, the metabolic vasodilatation that lowers peripheral resistance during exercise and tends to augment cardiac output still occurs after sympathetic blockade.
In conclusion, this investigation has shown that although sympathetic stimulation of the heart plays a significant role in the circulatory response to exercise, its contribution is not very great quantitatively, and it would appear that sympathetic stimulation of the heart is only one of a number of mechanisms by which the cardiac output is augmented during exercise.
Summary
The effect of fl-adrenergic blockade on the circulatory response to maximal and submaximal exercise was studied in seven normal subjects and in nine patients with cardiac disorders. Betaadrenergic blockade invariably caused a reduction in heart rate, cardiac output, mean arterial pressure, and left ventricular minute work; arteriovenous 02 difference increased and there was a small rise in central venous pressure. As an apparent consequence of the impaired circulatory response to exercise both maximal Vo2 and capacity for strenuous exertion were reduced. However, even after 8-adrenergic blockade, cardiac output still rose substantially during exercise. We conclude that sympathetic nervous stimulation of the heart plays a significant, although quantitatively limited, role in mediating the normal response to exercise in man.
